Striated muscle contraction is governed by the thin filament regulatory proteins troponin and tropomyosin. Here, we investigate the molecular mechanisms by which troponin-tropomyosin inhibits myosin's interactions with the thin filament in the absence of calcium by using a laser trap. The displacement events for a single-myosin molecule interacting with a reconstituted thin filament were shorter (step size ‫؍‬ 5 nm) and prolonged (69 ms) compared with actin alone (11 nm and 26 ms, respectively). However, these changes alone do not account for the degree of inhibition of thin filament movement observed in an ensemble assay. Our investigations of single-and multiple-myosin molecules with regulated thin filaments suggest the primary basis for this inhibition derives from a Ϸ100-fold decrease in the probability of myosin attaching to actin. At higher myosin concentrations, short bursts of motility are observed in a laser trap consistent with the strong binding of a single-myosin crossbridge, resulting in cooperative binding of other cycling crossbridges. We confirmed this cooperativity in the in vitro motility assay by observing thin filament translocation in the absence of calcium but at low [ATP], consistent with rigor activation. We have developed a simple mechanistic model that reproduces and provides insight into both the observed single-myosin molecule and ensemble data in the absence of Ca 2؉ . These data support the hypothesis that thin filament inhibition in the absence of Ca 2؉ is largely achieved by modulating the rate of attachment and͞or transition from the weakly to strongly bound state.
Striated muscle contraction is governed by the thin filament regulatory proteins troponin and tropomyosin. Here, we investigate the molecular mechanisms by which troponin-tropomyosin inhibits myosin's interactions with the thin filament in the absence of calcium by using a laser trap. The displacement events for a single-myosin molecule interacting with a reconstituted thin filament were shorter (step size ‫؍‬ 5 nm) and prolonged (69 ms) compared with actin alone (11 nm and 26 ms, respectively). However, these changes alone do not account for the degree of inhibition of thin filament movement observed in an ensemble assay. Our investigations of single-and multiple-myosin molecules with regulated thin filaments suggest the primary basis for this inhibition derives from a Ϸ100-fold decrease in the probability of myosin attaching to actin. At higher myosin concentrations, short bursts of motility are observed in a laser trap consistent with the strong binding of a single-myosin crossbridge, resulting in cooperative binding of other cycling crossbridges. We confirmed this cooperativity in the in vitro motility assay by observing thin filament translocation in the absence of calcium but at low [ATP], consistent with rigor activation. We have developed a simple mechanistic model that reproduces and provides insight into both the observed single-myosin molecule and ensemble data in the absence of Ca 2؉ . These data support the hypothesis that thin filament inhibition in the absence of Ca 2؉ is largely achieved by modulating the rate of attachment and͞or transition from the weakly to strongly bound state.
muscle ͉ regulation ͉ single molecule ͉ thin filament ͉ laser trap F orce generation in striated muscle results from myosin cyclically interacting with actin, a Ca 2ϩ -regulated process mediated by the actin-associated regulatory proteins, troponin (Tn) and tropomyosin (Tm). Early studies suggested that the Ca 2ϩ -dependent movement of Tn-Tm on actin functioned as an ''on-off'' switch, regulating myosin binding to actin (1, 2) . However, subsequent studies indicated that myosin's interaction with the thin filament is graded, leading to the proposal that Tm equilibrates among three states (3, 4) : blocked, closed, and open (5) . These biochemical data were supported by more recent structural data (6) . In the absence of Ca 2ϩ , Tm sterically prevents myosin from binding to actin by occupying the blocked state (7) . Upon Ca 2ϩ binding to Tn, Tm's equilibrium position shifts toward the closed state, exposing sites that allow myosin weak binding while still inhibiting isomerization to the strong binding state (6) . Once bound, myosin's weak-to-strong binding transition shifts Tm's equilibrium position further toward the open state, permitting cooperative binding of additional myosins by exposing neighboring actin binding sites (8, 9) . Thus, myosin strong binding to actin is required to fully activate the thin filament (10) .
Characterization of striated muscle thin filament regulation has relied extensively on the collective behavior of many myosin molecules, e.g., skinned muscle fibers and solution studies. By reconstituting fully regulated thin filaments from isolated proteins and using the in vitro motility assay, Ca 2ϩ -dependent modulation of thin filament motility can be investigated at the molecular level (11) (12) (13) (14) . In this simple system, motility is still the result of tens to hundreds of myosin molecules interacting with the thin filament. In contrast, with a laser trap assay (15) (16) (17) one can measure the interaction of a single-myosin molecule with a regulated thin filament to specifically assess how Tn-Tm inhibits myosin binding in the absence of Ca 2ϩ and how myosin strong binding leads to cooperative activation of the thin filament.
Here, we report that in the absence of Ca 2ϩ the apparent rate of myosin strong binding to a reconstituted thin filament is reduced 100-fold with a more modest effect (Ϸ2-fold) on myosin's step size and strong binding duration. Interestingly, laser trap studies indicate strong binding of a single-myosin molecule can, even in the absence of Ca 2ϩ , cooperatively accelerate the binding of neighboring myosin molecules. With the in vitro motility assay, we confirmed this cooperative behavior; thin filament motility was fully activated in the absence of Ca 2ϩ by reducing the MgATP concentration analogous to previous solution studies demonstrating rigor activation of actin-myosin ATPase activity (18) . In agreement with several models of thin filament regulation (3, 5, (19) (20) (21) (22) (23) , our data indicate that thin filament regulation in the absence of Ca 2ϩ is largely achieved by modulating the rate of attachment and͞or transition from the weakly to strongly bound state.
Materials and Methods
Proteins. Skeletal muscle myosin was prepared from chicken pectoralis and stored in glycerol at Ϫ20°C as described (24) . Before use, myosin was further purified to eliminate denatured myosin by centrifugation with equimolar actin and 1 mM MgATP in myosin buffer (see Buffers below) (25) . N-ethylmaleimide-modified skeletal myosin was prepared as described (24) and was used to bind actin or reconstituted thin filaments to the polystyrene beads in a laser trap assay (17) . Actin was isolated from chicken pectoralis muscle (26) . Tn and Tm were isolated from bovine cardiac muscle as described (27) . Thin filaments (i.e., actin, Tn, and Tm) were reconstituted as reported (11) and diluted into actin buffer (see below) with excess (100 nM) Tn and Tm. Under these conditions thin filaments remained fully regulated for hours as demonstrated by the lack of movement in an in vitro motility assay in the presence of ATP and absence of Ca 2ϩ [Ϫlog 10 Ca concentration (pCa) ϭ 8, data not shown]. Actin and thin filaments were labeled with equimolar tetramethyl-rhodamine-phalloidin before use (11, 12) . glucose) adjusted to pH 7.4. Motility solutions containing varying calcium and͞or MgATP were prepared as described (12) .
Laser Trap. Detailed protocols for the laser trap assay have been described (17, 25) . Contractile proteins were added to the experimental flow cell chamber with the following series of solution incubations: (i) skeletal myosin (0.1-20 g͞ml) for 2 min; (ii) 20 l of 0.5 mg͞ml BSA in myosin buffer for 1 min; (iii) 3 ϫ 20 l of actin buffer; and (iv) 3 ϫ 20 l of actin buffer with 10 M MgATP, tetramethyl-rhodamine-phalloidin-actin or tetramethyl-rhodamine-phalloidin-thin filaments, Nethylmaleimide-modified skeletal myosin-coated beads, and 100 nM excess Tn and Tm to ensure stoichiometric binding when thin filaments were studied. Experiments were performed at 25°C.
By manipulating the microscope stage, an N-ethylmaleimidemodified skeletal myosin-coated bead was captured in each of the two laser traps, and the ends of a single actin or reconstituted thin filament were then attached to the beads. The filament was pretensioned to Ϸ4 pN, and then brought near a skeletal myosin-coated, Ϸ3-m-diameter silica microsphere serving as a pedestal. The bright-field image of one bead attached to the filament was projected onto a quadrant photodiode detector, and signals were acquired for bead displacement parallel to the filament's long axis. Signals were recorded for at least Ϸ120 s before moving the bead-filament-bead to another pedestal within the flow cell. These data records were digitized at 4 kHz after initial filtering at 2 kHz.
Laser Trap Data Analysis. Myosin strongly binds to an actin filament, undergoes its powerstroke, and displaces the filament. The binding of myosin attenuates the Brownian motion of the bead-filament-bead (see Fig. 2a ) and shifts its mean position (16, 17) . Using mean-variance analysis (17, 28) we determined the displacement or step size, d, generated by the myosin powerstroke, the duration, t on , that the myosin remains strongly bound to actin, and the total number of events within a data record. From the number of events, a frequency of attachment can be readily calculated by dividing the total record time by this number.
In Vitro Motility. The movement of actin and regulated thin filaments over a myosin-coated surface (100 g͞ml myosin) was determined as described (12, 29) . Specifically, thin filament motility can be characterized in terms of: (i) the mean velocity of movement; (ii) the percent of filaments moving in a smooth and continuous fashion (defined as filaments having a standard deviation of velocity less than half the mean velocity); and (iii) the percent motile filaments (defined as filaments moving Ͼ0.33 m͞s).
Results
Regulated Thin Filament Motility. Reconstituted thin filaments were fully regulated as demonstrated by the effect of calcium on myosin-based thin filament sliding (Fig. 1 ). As reported (11, 12) , the velocity, V actin , of regulated thin filaments increased sigmoidally with increasing Ca 2ϩ concentrations in the presence of 2 mM MgATP (Fig. 1a) . Fitting the velocity data to the Hill equation yields a pCa 50 of 6.40 Ϯ 0.04, a Hill coefficient of 1.94 Ϯ 0.32, and a maximal velocity of 6.0 Ϯ 0.2 m͞s. These data were also analyzed in terms of the percent that were motile and percent of filaments moving smoothly (Fig. 1b) . At high Ca 2ϩ concentrations all filaments are motile and most move smoothly (76%). At subsaturating Ca 2ϩ , the proportion of motile filaments decreases with a smaller percent of these filaments moving smoothly.
Laser Trap Studies Using Unregulated Actin Filaments. V actin in the motility assay is the result of many myosin molecules interacting simultaneously with a given thin filament. How regulation is achieved in terms of myosin's ability to interact with the thin filament was investigated by limiting the number of myosins in a laser trap assay. Fig. 2a is a sample displacement record obtained when an unregulated actin filament was lowered onto a pedestal surface that had been incubated with 0.1 g͞ml myosin. At this concentration only a single-myosin molecule on average interacts with the actin filament (30) . At 10 M MgATP, we observed isolated mechanical events occurring at a frequency, f, of 1.75 Ϯ 0.3 s Ϫ1 . Events were analyzed by using mean-variance (see Materials and Methods) to give an average step size, d, of 10.9 Ϯ 1.2 nm and a step duration, t on , of 26 Ϯ 4 ms (n ϭ 11 experiments) (31) . When the myosin density was increased by a factor of 100 (i.e., incubated with 10 g͞ml), relatively continuous actin filament movement was observed with an average velocity of 0.14 Ϯ 0.08 m͞s (Fig. 2b) . This velocity is slower than that seen previously in the motility assay (V actin ϭ 0.47 Ϯ 0.06 m͞s) with similar myosin density and [MgATP] (31) . The slower velocity in the laser trap is likely the result of the resistive load imposed by the laser trap.
Laser Trap Studies Using Regulated Thin Filaments. Fig. 2c shows a typical laser trap displacement trace obtained from a regulated thin filament interacting with a myosin surface incubated with 0.1 g͞ml myosin. Unlike data obtained at this surface density with unregulated actin (Fig. 2a) , the frequency of events was extremely low (Ͻ0.01 s Ϫ1 ), preventing determination of the step size and duration. As expected for a completely reconstituted thin filament, the low event frequency was uniformly observed along the entire sampled length of the thin filament at both 25 and 100 mM KCl (data not shown). However, at 100-fold higher myosin density with 10 g͞ml incubation (Fig. 2d) , the event frequency (0.5 Ϯ 0.3 s Ϫ1 ) resembled that of unregulated actin at 0.1 g͞ml incubation. Under these conditions, we determined the average step size, d ϭ 5.0 Ϯ 0.9 nm (n ϭ 11 experiments), and step duration, t on ϭ 69 Ϯ 33 ms (n ϭ 11 experiments). This d was 50% shorter (P Ͻ 0.001; unpaired t test), whereas the t on was twice as long (P Ͻ 0.001; unpaired t test) compared with unregulated actin (see above).
When the myosin density was increased 2-fold (from 10 to 20 g͞ml incubation), both single binding and staircase stepping events were observed with an average distance moved during a staircase event of 43 Ϯ 2 nm (n ϭ 67) (Fig. 3a) . Staircases are caused by multiple myosins simultaneously interacting with the thin filament until all myosins spontaneously detach. Interestingly, the frequency of steps within a staircase event ( f ϭ 11 Ϯ 1 s Ϫ1 , determined as the inverse of the time between steps) is much higher than the frequency observed when only single steps predominate (see above), suggesting that the attachment of one myosin head to actin cooperatively accelerates the attachment rate of subsequent heads during a staircase. In addition, binding of the first myosin to actin affects the step size of subsequent myosin heads that bind (Fig. 3b) . Using mean-variance analysis (Fig. 3c) , the displacement of the first step in a staircase was 6.6 Ϯ 1.0 nm, whereas the second step was significantly larger (P Ͻ 0.01, unpaired t test), 13.7 Ϯ 0.8 nm (n ϭ 40). The displacement of the first step is comparable to the step size observed when only a single myosin interacted with a regulated thin filament (see above). The second and subsequent steps in a staircase event were twice that of the first step, resembling the myosin step size with unregulated actin. Reconstituted thin filament motion could be restored under inhibitory conditions (i.e., pCa 8) if the [MgATP] was lowered to subsaturating concentrations Ͻ75 M. This phenomenon is analogous to the rigor activation of the actomyosin ATPase observed by Bremel and Weber (18) .
To fully characterize the apparent activation of the thin filament by the binding of rigor myosin heads to the thin filament, V actin was measured over a range of [MgATP] between 2 and 125 M (Fig. 4) . In the presence of Ca 2ϩ (pCa 4), V actin increased with [MgATP] , yielding a K m of 25 M consistent with values determined previously (31) . Surprisingly, at low Ca 2ϩ (pCa 8) and [MgATP] below the K m , thin filament motility was observed at speeds equivalent to those observed at pCa 4. In contrast, complete inhibition of motility was observed at saturating MgATP and pCa Ͼ7 (Figs. 1 and 4) .
Discussion
To characterize the molecular mechanisms of thin filament inhibition (see Fig. 1 ), we have determined the motion of thin filaments with high spatial and temporal resolution by using the laser trap under nominal Ca 2ϩ conditions (pCa Ͼ8). At myosin surface densities where only a single skeletal muscle myosin molecule can interact with an unregulated actin filament (i.e., fully ''on'') ( Fig. 2a) , binding events are detected at a frequency (1.75 s Ϫ1 ), limited by both the inherent kinetics of the actomyosin ATPase cycle and the spatial constraints placed on the actomyosin interaction within the laser trap assay. With a regulated filament in the absence of Ca 2ϩ (i.e., fully ''off''), the event frequency is significantly reduced (Fig. 2c) . However, a 100-fold increase in the myosin concentration can restore the event frequency to that for unregulated actin (Fig. 2d) . Consistent with prior solution biochemical studies (9, 32, 33) , we demonstrate at the single-molecule level that Tn-Tm dramatically reduces the frequency of actomyosin strong binding events at low Ca 2ϩ and thus is the primary cause for complete inhibition of continuous thin filament movement. The extent of inhibition within fibers may in fact be greater than observed here given the 1,000-fold difference in the heat liberated between resting and active muscle (34) . Although reconstituted thin filaments fully inhibit in vitro motility, they may be less effective than thin filaments in muscle at regulating attachment kinetics because of spatial relationships and other factors.
In addition to modulating the myosin attachment frequency, the presence of Tn-Tm affects the inherent mechanics (i.e., step size, d) and kinetics (i.e., step duration, t on ) of the actomyosin interaction. In the absence of Ca 2ϩ , a single-myosin molecule generates only half the displacement and remains strongly bound for twice as long compared with myosin binding to an unregulated actin filament. We have previously shown at 10 M ATP that t on is determined equally by the rate of ADP release from myosin and the rate of ATP binding to myosin (31) . Therefore, Tn-Tm in the absence of Ca 2ϩ could modulate one or both of these kinetic steps (35) . In the absence of Ca 2ϩ , Tn-Tm prevents myosin's optimal interaction with actin (4, 36) and could account for the step size being half that of whole skeletal myosin (see Results). Myosin's two heads are required to generate a 10-nm displacement because single-headed myosin generates only half the displacement and remains attached to actin for a longer period after the step (37, 38) . Thus, Tn-Tm at low Ca 2ϩ may allow only one of myosin's two heads to interact with actin, disrupting intrahead communication that is required to generate a 10-nm step. However, binding of the first myosin molecule appears to overcome the effect of Tn-Tm because subsequent myosins are capable of generating their normal displacement as evidenced by comparing the step size of the first and second steps in a staircase stepping event (see Results and Fig. 3b ). This scenario is not the case for unregulated actin where the first and subsequent steps are 10 nm (37) . Therefore, binding of the first head is critical to the cooperative activation of the thin filament (see below).
A Simple Model: Tn-Tm Inhibits Myosin Strong Binding. Experiments in the laser trap are able to detect only two actomyosin states: (i) the attached state when myosin is strongly bound, and (ii) the detached or weakly bound state. With this simple view, we have developed a Monte Carlo model of thin filament regulation in which Tn-Tm modulates the attachment frequency ( f ) for a given number of myosin molecules (n M ) by either inhibiting (reg) or accelerating (acc) the rate that myosin transitions from the weak to the strongly bound state (k ws ) (see Fig. 5 and Appendix, which is published as supporting information on the PNAS web site, for details):
Attachment rate͑f͒ ϭ ͑n M ͒ ϫ ͑k ws ͒ ϫ ͑acc͞reg͒.
In the absence of Ca 2ϩ , the presence of Tn-Tm reduced the frequency of actomyosin interactions ( f ) 100-fold (Fig. 6 a vs. c) , such that k ws was reduced by an ''inhibition constant'' (reg ϭ 100, see Fig. 5 and Eq. 2 in Appendix). This finding implies that in the absence of Ca 2ϩ 99% of the actin binding sites are inaccessible to myosin strong binding. Geeves and coworkers (39) suggest that in the absence of Ca 2ϩ the regulatory state of the thin filament is 70% blocked, 25% closed, and 5% open. Because we cannot distinguish between detached or weakly bound myosin in the laser trap, our prediction of 99% actin site inaccessibility is consistent with the combined percentage of blocked and closed states (95%) estimated by Geeves and coworkers (5, 39) . Because strong binding events still occur in the laser trap assay under conditions where myosin should be sterically prevented from binding, thermal fluctuations of the Tm on actin (Fig. 5 ) must temporarily expose actin binding sites (40) , which could also account for the 5% open-state probability predicted by Geeves and coworkers (5).
Cooperative Regulation Experimentally and in Silico. In a laser trap, 20 g͞ml of skeletal muscle myosin is sufficient to support continuous movement of unregulated actin (see Fig. 2b ). However, with regulated filaments, at the same myosin concentration, continuous motion was not seen; instead, short bursts of motility (i.e., staircase events) and long pauses were observed (Fig. 3a) . To model these short bursts (Fig. 7a) , we introduced a ''cooperativity constant'' (acc ϭ 10, see Eq. 3 in Appendix) that accelerated the strong binding rate 10-fold for myosin binding subsequent to the first head (Fig. 5) . Such cooperativity of binding has been observed in earlier solution biochemistry studies (9, 32) . From a structural viewpoint, binding of the first head may perturb Tm's equilibrium position on actin so that other heads can bind to nearby myosin binding sites more readily. However, these additional heads still do not bind at a rate equivalent to that with unregulated actin; instead their binding is still inhibited 10-fold (in our model, acc͞reg ϭ 0.1). Thus, we predict that the myosin binding site accessibility for a regulated thin filament in the absence of Ca 2ϩ is reduced 99%, but with the attachment of a single head the thin filament is activated 10-fold so that 90% of the sites remain inaccessible to strong binding.
With limiting numbers of myosin molecules interacting with the thin filament in the laser trap, it is possible to estimate the distance over which cooperative activation occurs. For a nitrocellulose surface incubated with 20 g͞ml myosin, where bursts of activity were observed, we previously determined based on NH 4 -ATPase measurements that Ϸ18 heads or nine myosin molecules are available per m of actin filament length (30), i.e., 111 nm between myosin molecules. Given this intermolecular spacing, the accelerated binding of heads subsequent to the first on average occurs within three regulatory units distal to the initial binding event, a distance equal to the next accessible actin target zone along the Tn-Tm strand. This simple calculation assumes a homogeneous surface density, and there are no significant differences in the attached lifetime between the first and subsequent heads. Therefore, thin filament activation is a cooperative process in which the strong binding of a myosin head sets up an activation wave over long distances that is propagated through adjacent Tn-Tm units (6, (41) (42) (43) (44) .
Cooperative Rigor Activation. To enhance the detection of myosin binding events in the laser trap, experiments were performed at limiting [MgATP] (i.e., 10 M), which results in a myosin head attached to actin waiting for ATP to bind (31) . Therefore, consistent with rigor activation of actomyosin ATPase activity, the model predicted that the short bursts of activity at low [MgATP] (Fig. 3) resulted from rigor activation of the thin filament (10, 12, 18) . To confirm this prediction, we measured V actin of regulated thin filaments in the motility assay at varying [MgATP] . At saturating MgATP with minimal Ca 2ϩ (Ͼ pCa7), V actin is completely inhibited (see Figs. 1 and 4) ; however, at low [MgATP] (Ͻ75 M), when the rigor state is significantly populated, thin filament motility occurs with a V actin comparable to that for a fully Ca 2ϩ -activated thin filament (Fig. 4) . The observed rigor activation of event frequency in a laser trap (Fig.  3) , rigor activation of velocity in the motility assay (Fig. 4) , and rigor activation of ATPase activity in solution studies (18) all are consistent with a simple model in which Ca 2ϩ and rigor heads both activate actin-myosin binding (Fig. 4 and see Appendix and Fig. 9 , which is published as supporting information on the PNAS web site, for details). If so, the proposed model described above can provide a mechanistic insight to the dependence of V actin on [MgATP] for thin filaments in the presence and absence of Ca 2ϩ .
In the presence of Ca 2ϩ V actin is proportional to d͞t on (31, 45) , so that V actin is limited by the rate of myosin detachment (g ϭ 1͞t on ), which is determined by both the rates of ADP release and the MgATP binding to myosin (31) . Thus, as the [MgATP] is lowered, V actin slows as myosin spends an increasing amount of time, t on , attached to actin waiting for ATP to bind (Fig. 7b) . In contrast, in the absence of Ca 2ϩ and at high [MgATP], we have shown that the rate of myosin attachment limits V actin (see Fig.  4 ). However, at low [MgATP], the prolonged attached lifetime of the rigor state cooperatively activates the thin filament (Fig.  5) , resulting in an increased actin-myosin binding frequency and detachment limited thin filament movement even in the absence of Ca 2ϩ (see Figs. 3 and 7a) . This mechanistic view of rigor activation is predicted by our model, as demonstrated by the striking similarity between the simulated and actual V actin data (Fig. 7b vs. Fig. 4 ). In addition, the model predicts that the similarity in V actin observed at 10 and 60 M MgATP in the absence of Ca 2ϩ (Fig. 4) results from different underlying motile mechanisms (Fig. 8) . At 10 M MgATP the attached myosin lifetime is sufficiently long to result in multiple myosins binding to and steady motion of the actin filament (Fig. 8a) , with myosin detachment limiting V actin . At 60 M MgATP, myosin's shorter attached lifetime reduces the probability of rigor activation, resulting in discontinuous thin filament motility comprised of bursts of motility and pauses (Fig. 8b) . During the bursts, the velocity is limited by myosin's detachment rate; however, the pause duration is limited by myosin's attachment rate. When the average velocity over time is determined at 60 M MgATP, including pauses, its value is nearly identical to that at 10 M MgATP even though the dynamics of filament motion are substantially different. In fact, the model predicts that the percent of filaments moving smoothly is far greater at 10 M versus 60 M MgATP, which agrees with the experimental data (Fig. 8c) .
Conclusion.
The laser trap data presented here suggests that although the inherent mechanics and kinetics of a single-myosin molecule are altered Ϸ2-fold by the presence of Tn-Tm, these alterations are not large enough to completely inhibit thin filament velocity at low Ca 2ϩ . Therefore, Tn-Tm regulates actin in the absence of Ca 2ϩ by reducing the probability of myosin's first encounter with actin 100-fold. However, upon myosin binding, the thin filament is activated 10-fold from its inhibited state because of activation of neighboring regulatory units. Because strong binding of the first head can only partially activate the thin filament, we infer that regulation must be at least a three-state process where further activation is associated with the binding of Ca 2ϩ , akin to the blocked, closed, and open states (5) .
At higher [Ca 2ϩ ], regulation may have additional modulatory effects on actomyosin kinetics as evidenced in motility studies where regulated thin filament velocity and force are enhanced over actin alone (12, 46) and by the Ca 2ϩ -dependent changes in the rate of tension redevelopment, k tr , in fiber studies (47) . Future studies will likely provide greater molecular insight to the structural dynamics of Tn-Tm movement on actin because the development of single-molecule fluorescence detection techniques may allow simultaneous assessment of Tn-Tm motion coupled with mechanical measurements of the regulated actomyosin interaction.
